Five titanocene(IV) carboxylates of the general formula Cp2Ti(O2CR)2 viz., [Ti( 5 - 2 An effective and simple wet-chemical method involving calcination and ultrasonication route has been suggested for obtaining pure anatase TiO2 NPs, which were confirmed from the powder XRD and imaging techniques such as SEM, TEM and EDS.
Introduction
Titanium(IV) complexes form a major class of organometallic and coordination compounds which display effective and tuneable reactivities [1] [2] [3] . These compounds are also marked as effective catalysts [4] [5] [6] [7] [8] , have featured in metallo-supramolecular chemistry [9, 10] and have applications in medicinal and bioinorganic chemistry [11, 12] . Among the latter, Cp2TiCl2 was investigated as an anti-cancer drug, based on the presence of the dichloride entity under the assumption its mode of biological action would be closely aligned with that of cisplatin,
[cis-PtCl2(NH3)2]. However, Cp2TiCl2 did not advance in clinical trials owing to its low efficacy against the examined tumours and because of its inherent limitations such as poor water-solubility and instability, the latter due to extensive hydrolysis [13] [14] [15] . In spite of the unsatisfactory results of the phase II clinical trials, various researchers have continued investigations into titanium-based drugs, sparking interest in the synthesis of secondgeneration titanocene and titanium(IV) complexes with anti-cancer properties [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Recently, a novel biocompatible strategy of drug delivery, employing silica-based materials loaded with titanium compounds for nanodrug delivery systems, exhibited promising results and is under further development [25] .
On the other hand, the generation of nanostructured materials with control over both the crystal phase and the morphology still remains a challenge owing to the rapid hydrolysis of titanium tetrachloride and titanium alkoxide or aryloxide species, which are widely used as titanium precursors [26] . In this context, considerable attention has been paid to monitor their hydrolysis using dihydric alcohols, chelating carboxylic acids or other additives [27] [28] [29] .
Extensive attempts have also been made to develop appropriate titanium precursors for the preparation TiO2 with tuneable phases and structures using simple experimental procedures [30] . A one-pot and template-free strategy for synthesizing hollow TiO2 nanostructures using Cp2TiCl2 as the titanium source has been described [31] . 4 Although the rich chemistry and diverse biological properties of titanocene and titanium(IV) based compounds have been thoroughly explored, the number of isolated and structurally characterized titanocene carboxylates/benzoates is relatively small [32] [33] [34] [35] [36] [37] [38] . Being intrigued by the scarcity of structural reports detailing the coordination chemistry of titanocene carboxylates, the present work aimed to synthesize and investigate the structures of a series of these compounds. For this purpose, three different types of simple carboxylate ligand precursors, namely (i) 4-methylbenzoate (ii) isomeric 2-and 3-furan carboxylates and (iii) 2,2-dimethylpropanoate and 3,3-dimethylbutanoate were selected, which are aromatic, heterocyclic and aliphatic in character, respectively. It is noted that these short chain carboxylic acids are soluble in water, commercially available, inexpensive, less toxic and insensitive to humidity. As part of a research program aimed at the determination of structures arising from the coordination of such ligands, five titanocene(IV) compounds of the general formula Cp2Ti(O2CR)2 have been synthesized (1-5) and their crystal and molecular structures determined by single crystal X-ray crystallography. As a representative case, crystalline titanocene carboxylate, i.e. [Ti( 5 -C5H5)2(O2CC4H3-3-O)2] (3), has been explored as a titanium precursor for the synthesis of TiO2 nanomaterials by fine-tuning the experimental conditions involved in the wet-chemical synthesis.
Experimental

Materials and measurements
Bis(η 5 -cyclopentadienyl)titanium(IV) dichloride, pivalic acid, t-butyl acetic acid, p-toluic acid (Merck), 2-furoic acid and 3-furoic acid (SRL) were used without further purification.
The solvents used in the reactions were of AR grade and were dried using standard procedures. Benzene, toluene, hexane and THF were distilled from benzophenone/sodium while methanol was distilled over activated magnesium. with magnification range from ×30 to ×3,00,000, accelerating voltage from 0.3 to 30 kV and with a resolution of 3.5 nm @ 25 kV high vacuum mode, was used. A very dilute solution of as-synthesized nanopowder in isopropanol was sonicated and drops casted on smooth surface of aluminum foil, which was dried over a hot air oven and used for SEM studies.
Transmission Electron Microscope (TEM) with Energy Dispersive Spectroscopy (EDS) from JEOL (JEM-2100) with magnification range from ×50 to x1,500,000, accelerating voltage from 60-200 kV in 50 V steps and a High resolution CCD camera 2.672 x 2.672 K, was used.
A very dilute solution of as-synthesized nanopowder in isopropanol was sonicated and drops casted on carbon coated copper grid, which was dried over a hot air oven and used for TEM 
Synthesis of Bis( 5 -cyclopentadienyl)bis(furan-2-carboxylato-κO)titanium(IV) (2).
An analogous method to that used for the preparation of 1 was followed using titanocene (C5H5), 116.6 (C-2), 111.6 (C-3) ppm.
Synthesis of Bis( 5 -cyclopentadienyl)bis(furan-3-carboxylato-κO)titanium(IV) (3).
A 
Synthesis of Bis( 5 -cyclopentadienyl)bis(3,3-dimethylbutanoato-κO)titanium(IV) (5).
An analogous method to that used for the preparation of 3 was followed using titanocene dichloride (0.25g, 1.004 mmol) and 3,3-dimethylbutanoic acid (0.233 g, 2.005 mmol). The yellow solid was collected on a frit, washed with chilled hexane (2 x 5 mL), dried and recrystallized from anhydrous benzene at ambient temperature to afford pale-yellow crystals of 5. In general, crystals of 5 were obtained during first crystallization but the second attempt at crystallization of the same sample using anhydrous benzene invariably led to greasy 
Single crystal X-ray structure determinations of 1-5
Crystals of compounds 1 (toluene) and 2-5 (benzene) suitable for single-crystal X-ray diffraction analysis were grown from the respective solutions by slow solvent evaporation at room temperature. Intensity data for compounds 1-5 were measured at room temperature on an Agilent Xcalibur Eos Gemini diffractometer equipped with a CCD area detector and graphite-monochromated Mo K radiation ( = 0.71073 Å). Data reduction and empirical absorption corrections, based on a multi-scan technique, were by standard methods [40] . At  = 25.2 deg., data completeness was 100% in each case. The structures were solved by directmethods [41] and refined on F 2 with anisotropic displacement parameters and C-bound H atoms in the riding model approximation [42] . A weighting scheme of the form w = groups. Despite this deficiency in the data, the structures were determined unambiguously.
In the refinement of 2, the (-2 0 8) reflection was omitted from the final cycles of refinement owing to poor agreement. Crystal data and refinement details are collected in Table 1 . The molecular structure diagrams were generated by ORTEP for Windows [43] and the packing diagrams with DIAMOND [44] . Additional data analysis was made with PLATON [45] .
Synthesis of TiO2 nanoparticles (NPs)
The dried titanocene carboxylate precursor 3 (0.50 g) was dissolved in chloroform (5 mL) and decomposed using a mixture of HNO3 (5.0 mL) and HClO4 (5 drops) in a conical flask covered with a glass funnel. The flask was heated gently on a hotplate until the solution turned colourless. The process of decomposition was repeated once more to ensure complete oxidation of organic matters. The acid was removed completely on a hotplate with continuous shaking and the flask was allowed to cool to room temperature. Double distilled water (5 mL) was added in the flask to obtain a suspension of TiO2, stirred and filtered using Whatman 42 filter paper. The residue was washed with water until neutral pH, washed with acetone and dried overnight at room temperature. The dried mass was transferred to a platinum crucible and gradually heated in a muffle furnace at a rate of 10 °C/min. until the temperature reached 800 °C. The crucible was heated for further 4 h at 800 °C and cooled gradually to room temperature. The weight of TiO2 was recorded (0.065 g, 75.2 %) and the phase purity was monitored by PXRD.
An aliquot of the calcinated as-synthesized TiO2 (0.02 g) was suspended in doubledistilled water (10 mL) and exposed to high-intensity ultrasound irradiation under ambient conditions for 30 min. to give a uniform white suspension. After cooling to room temperature, the particles were separated by centrifugation at 6000 rpm. The procedure was repeated three times by re-dispersing the sample in isopropanol. Isopropanol was separated by decantation, the TiO2 residue was dried in hot air oven for 1 h at 120 °C and stored in vacuum. The dried sample was used directly for the measurement of PXRD pattern. For imaging studies, the dried as-synthesized TiO2 nanopowder was re-dispersed in isopropanol.
Results and discussion
Synthesis and spectroscopic characterization of compounds 1-5
Earlier, Dang et al. [39] reported the synthesis of 1 and 2 but the yields were 40 and 30 %, respectively. In another endeavour, Branham et al. [46] reported the synthesis of 1 using the same reaction precursors which afforded a mixture of at least three components, viz. 
Description of the crystal and molecular structures for 1-5
The molecular structures of 1-5, i.e. compounds of general formula Cp2Ti(O2CR)2, are illustrated in figure 1 and from this, it is apparent that the structures present quite similar features, at least to a first approximation; selected geometric parameters for the five structures are collated in Table   2 . In 1, the titanium atom is coordinated by two oxygen atoms derived from two monodentate benzoate ligands as the carbonyl-O2 and -O4 atoms are directed away from the titanium atom with the Ti … O2, O4 separations of 3.630(2) and 3.515(2) Å being considerably longer than the Further, in 2, there is a splayed relationship between the organic residues of the carboxylate anions, as seen in the dihedral angle of 40.6(2)° between the 2-furyl rings. In 3, the relative orientation approaches orthogonal with the dihedral angle between 3-furyl rings being 65.6(3)°.
The structure of 4 is remarkable in that it is highly symmetric as opposed to the other structures discussed herein, which lack crystallographically-imposed symmetry. The titanium atom is located on a special site of symmetry, m2m A common feature in the crystals of 1-5 is the formation of non-conventional C-H…O hydrogen bonding interactions. As seen from the data collated in Table 3 , some of the H…O separations are relatively short and all contacts are relatively directional.
In the crystal of 1, each of the carbonyl-O2 and -O4 atoms participates in two Cp-C- comparison, titanium glycerolate was synthesized that too uses titanium ethoxide (readily hydrolysable liquid) and glycerol, and its powder X-ray diffraction pattern is similar to that of crystalline titanium glycolate [52] . On the other hand, structurally characterized titanium glycolate, synthesized from TTIP and ethylene glycol, were transformed into nanostructured TiO2 with advanced functions [52] . In view of handling difficulties of titanium precursors, a family of chelating titanium carboxylate, e.g., citrates and lactates were developed with features such as molecular structures, solution stability, reactivity and their application possibilities for production of nanomaterials [53, 54] . They all can be dissolved and diluted in water at room temperature without formation of visible precipitate and does not require any special precautions as essential for TiCl4 or TTIP precursors [55] . Ti(OC(CH3)3)4 (titanium(IV) tert-butoxide) produced TiO2 nanowires by electrospinning synthesis under a nitrogen atmosphere, however, the carboxylate compound on exposure to air slowly gets converted to an oxo complex [58] . Agglomeration of the deposited particles is also evident (figure 4b). At higher magnification, lattice fringes were observed in as-synthesized particles as shown in Supplementary Material figure S2b. Particles also have a larger surface area, which is also expected especially when the synthesis is carried out in an aqueous medium. The average particle size ranges from 50-60 nm with a slight variation in thickness. 
Conclusion
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The synthesis of titanocene carboxylates were challenging due to the high oxophilicity of titanium(IV), particularly in the presence of carboxylate ligands. It is worth noting that once the carbonyl oxygen atom is coordinated, the compounds were far less sensitive to nucleophiles such as carboxylate groups or even water, and this stability enables the purification of the compounds.
The compounds were characterized by IR, 1 H and 13 C NMR spectroscopic techniques. An X-ray diffraction study of the synthesized compounds has contributed to the elucidation of the monodentate coordination modes of the carboxylate ligands. To a first approximation, the carboxylate residues were directed away from the Cp rings. Based on C-H…O interactions, usually involving the carbonyl-O atoms, supramolecular chains are found in the crystals of 1, 4
and 5, whereas supramolecular layers are found in the crystals of 2 and 3. Compound 3 was used as precursor for the synthesis of TiO2 nanoparticles through a wet-chemistry route, which provided softly, agglomerated powders of TiO2. These were annealed at 800 °C to give TiO2 nanomaterials with particle sizes in the range between 50-60 nm. The preparation approach could potentially be utilized to incorporate various types of nanomaterials of various sizes, shapes, and compositions. Future work will focus on expanding the applications of this material. a Cg1 represents the ring centroid of the cyclopentadienyl ring with the lowest C-atom label.
b The molecule has crystallographic symmetry (see text). Symmetry operation i: x, y, 1.5 -z. 
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